Roofs that have high solar reflectance and high thermal emittance stay cool in the sun. A roof with lower thermal emittance but exceptionally high solar reflectance can also stay cool in the sun. Substituting a cool roof for a noncool roof decreases cooling-electricity use, cooling-power demand, and cooling-equipment capacity requirements, while slightly increasing heating-energy consumption. Cool roofs can also lower citywide ambient air temperature in summer, slowing ozone formation and increasing human comfort.
Introduction
Roofs that have high solar reflectance (high ability to reflect sunlight, spectrum 0.3 -2.5 µm) and high thermal emittance (high ability to emit thermal radiation, spectrum 4 -80 µm) stay cool in the sun. The same is true of roofs with lower thermal emittance but exceptionally high solar reflectance. Roofs that stay cool in the sun by minimizing solar absorption and maximizing thermal emission are hereafter denoted "cool roofs."
Benefits of cool roofs
Low roof temperatures lessen the flow of heat from the roof into the building, reducing the need for space-cooling electricity in conditioned buildings. Since building heat gain through the roof peaks in mid-to-late afternoon, when summer electricity use is highest, cool roofs can also reduce peak electricity demand. Prior research has indicated that savings are greatest for buildings located in climates with long cooling seasons and short heating seasons, particularly
Need for cool-roof standards
It is difficult for a building owner to assess the influence of roof properties on the lifetime cost of heating and cooling energy, which depends on (a) climate-and building-specific hourly uses of heating and cooling energy; (b) hourly valuations of energy; (c) the time value (discounting) of money; and (d) the service life of the roof. Building owners may also be unaware of the societal benefits of cool roofs, such as lower peak-power demand (reducing likelihood of power failures on hot days) and lower outdoor air temperatures (improving comfort and slowing the formation of smog). Hence, without cool-roof standards, owners will tend to choose roofs that minimize initial construction cost, rather than the aggregate cost of construction and lifetime energy consumption.
Provisions for cool roofs in energy-efficiency standards promote their building-and climateappropriate use, and also stimulate the development of energy-saving cool-roof technologies. For example, several manufacturers have introduced novel cool nonwhite roofing materials, including fiberglass asphalt shingles, clay and concrete tiles, and metal products (Akbari and Desjarlias 2005) . The development and long-term performance of cool-roof technologies are described by Akbari et al. (2005a,b) ; Levinson et al. (2007; 2005b,c,d); and Berdahl et al. (2007) .
Types of requirements in standards
Building energy-efficiency standards typically specify both mandatory and prescriptive requirements. Mandatory requirements, such as practices for the proper installation of insulation, must be implemented in all buildings subject to the standard. A prescriptive requirement typically specifies the characteristics or performance of a single component of the building (e.g., the thermal resistance of duct insulation) or of a group of components (e.g., the thermal transmittance of a roof assembly).
All buildings regulated by a particular standard must achieve either prescriptive or performance compliance. A proposed building that meets all applicable mandatory and prescriptive requirements will be in prescriptive compliance with the standard. Alternatively, a proposed building can achieve performance compliance with the standard if (a) it satisfies all applicable mandatory requirements and (b) its annual energy use does not exceed that of comparable "design" (a.k.a. "standard," or "reference") building that achieves prescriptive compliance.
Prescribing the use of cool roofs in building energy efficiency-standards promotes the costeffective use of cool roofs to save energy, reduce peak power demand, and improve air quality. Another option is to credit, rather than prescribe, the use of cool roofs. This can allow more flexibility in building design, permitting the use of less energy-efficient components (e.g., larger windows) in a building that has energy-saving cool roofs. Such credits are energy neutral, but may still reduce peak power demand and improve air quality. They may also reduce the first cost of the building. This paper reviews the technical development of cool-roof provisions in the ASHRAE 90.1, ASHRAE 90.2, and California Title 24 building energy-efficiency standards, and discusses the treatment of cool roofs in several other standards and energy-efficiency programs. The techniques used to develop the ASHRAE and Title 24 cool-roof provisions can be used as models to address cool roofs in building energy-efficiency standards worldwide.
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Development of standards
In 1999, the American Society for Heating, Refrigeration, and Air-conditioning Engineers (ASHRAE) first credited cool roofs on nonresidential and high-rise residential buildings in ASHRAE Standard 90.1-1999: Energy Standards for Buildings Except Low-Rise Residential Buildings (ASHRAE 1999) . In 2001, ASHRAE amended its standards for low-rise residential buildings to credit cool roofs, implementing the revisions three years later in ASHRAE Standard 90.2-2004: Energy-Efficient Design of Low-Rise Residential Buildings (ASHRAE 2004b) .
In January 2001, the state of California followed the ASHRAE approach by crediting in its "Title 24" Building Energy Efficiency Standards for Residential and Nonresidential Buildings the use of cool roofing products on nonresidential buildings with low-sloped roofs (CEC 2001) . In 2005, California upgraded Title 24 to prescribe minimum values of solar reflectance and thermal emittance for low-sloped roofs (i.e., roofs with a ratio of rise to run not exceeding 2:12) on nonresidential buildings (CEC 2006) . As of June 2007, California is evaluating proposals to prescribe in the 2008 Title 24 standards minimum values of solar reflectance and thermal emittance for low-sloped roofs on nonresidential buildings, and for both low-sloped and steepsloped roofs on residential buildings. Other states and cities, including Florida and Chicago, IL, have adopted custom cool-roof requirements in their energy codes.
Note that the building-envelope requirements of the ASHRAE and California Title 24 standards apply only to envelope components (e.g., roofs) that enclose conditioned spaces.
ASHRAE Standard 90.1
Recognizing the potential for solar-reflective roofs to reduce the conditioning energy use of commercial buildings, the ASHRAE Standard 90.1 committee organized a task force in 1997 to analyze the energy-saving benefits of cool roofs in different climates, and to propose modifications to the standard to account for the effect of roof solar reflectance. This section summarizes the cool-roof analysis performed for ASHRAE Standard 90.1 ).
Cool roofs versus roof insulation
Solar-reflective roofs with high thermal emittance stay cool in the sun, reducing the flow of heat from the roof to the building's conditioned space. This can decrease the need for cooling energy in summer, and increase heating-energy use in winter. The winter heating-energy penalty is usually smaller than the summer cooling-energy savings, because in winter the sun is low, the days are short, the skies are often cloudy, and heating occurs mainly in early morning and early evening.
Roof insulation impedes the flow of heat between the roof and the conditioned space, slowing both heating of the building when the roof is warmer than the inside air and cooling of the building when the roof is cooler than the inside air. One can develop an energy-neutral tradeoff between the solar reflectance of the roof's surface and the thermal transmittance of the roof assembly. most between 0.10 and 0.15. Roofing membranes such as black single-ply roofing, smooth bitumen, gray single-ply roofing, and nominally white (actually gray) granule-surfaced bitumen exhibited solar reflectances of 0.06, 0.06, 0.23, and 0.26, respectively. Gravel roofs had solar reflectances of about 0.12 to 0.34, depending on gravel color. The thermal emittances of these non-metallic surfaces were about 0.8 to 0.9. Bare, shiny metal roofs have higher solar reflectance (about 0.60), but their low thermal emittances (about 0.10) make them as hot as a dark roof under low-speed winds. These data suggest that a conventional dark low-sloped roof could be conservatively assumed to have a solar reflectance of about 0.20.
An asphalt-aluminum coating has a solar reflectance in the range of 0.30 to 0.61. A freshly applied white elastomeric coating typically has a solar reflectance of 0.60 to 0.85, while that of a new white single-ply roofing membrane usually exceeds 0.70. Soiling and weathering typically reduce the solar reflectances of elastomeric and membrane white roofs by about 0.10 to 0.15 within the first year, with little change in solar reflectance thereafter. It was therefore assumed that a "cool" low-sloped roof should have an initial solar reflectance not less than 0.70, an aged solar reflectance not less than 0.55, and a thermal emittance not less than 0.80.
Building-energy simulations
The DOE-2.1E building energy simulation program (DOE-2 2007) was used to estimate the influences of the solar reflectance of the roof's surface and the thermal resistance of the roof's insulation on the conditioning-energy uses of residential and nonresidential buildings with lowsloped roofs. The residential model applies to guest rooms in hotels, patient rooms in hospitals, and high-rise residential apartments. The buildings were simulated with electric cooling; gas heating; low, medium, and high levels roof insulation (insulation thermal resistances of R= 3, 11, or 38 ft 2 h °F BTU -1 ); a roof thermal emittance of 0.80; and roof solar reflectances of ρ =0.05, 0.15, 0.45, and 0.75. The 19 simulation climates ranged from very hot to very cold. The thermal transmittance, or "U-factor," of a roof assembly is the reciprocal of the sum of the thermal resistances of the roof assembly (including insulation) and its surrounding air films. In each climate, simulated values of annual cooling-energy use (kWh), annual heating-energy use (therms), and annual conditioning-energy expenditure (dollars at $0.08/kWh and $0.66/therm) were each regressed to the solar absorptance, α=1-ρ, of the roof's surface, and to the thermal transmittance, U, of the roof assembly.
Each climate-specific energy use or energy expenditure E was well-fit by an expression of the form
This result was used to find combinations of roof solar absorptance α and roof-assembly thermal transmittance U that yield equal annual energy expenditure E. It was also used to determine the extent to which increasing the solar reflectance of a roof from 0.20 (conventional roof) to 0.55 (aged cool roof) can decrease the need for roof insulation without increasing annual energy use. Table 2 shows for various cities the thermal resistance of insulation required under a cool roof to achieve the same annual energy use as low, medium, and high levels of insulation below a conventional roof. The use of a cool roof reduced the need for insulation in all cases, though more so in hot climates than in cold climates. 
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where U roof adj is the adjusted roof thermal transmittance for use in demonstrating compliance; U roof proposed is the thermal transmittance of the proposed roof, as designed; and F is the roof thermal-transmittance multiplier from Table 3 . Since F ≤ 1, this has the effect of decreasing the assumed thermal transmittance (increasing the assumed thermal resistance) of a proposed roofing assembly with a cool surface. (Table 4) , and moves the provisions to §5.5.3.1.
Revisions

ASHRAE Standard 90.2
The procedure for incorporating the effect of roof solar reflectance in the ASHRAE Standard 90.2 residential standards was similar to that followed for ASHRAE Standard 90.1. This section summarizes the cool-roof analysis performed for ASHRAE Standard 90.2 (Akbari et al. 2000) .
Building-energy simulations
The Standard 90.2 task group used DOE-2.1E to simulate in 29 climates the influence of a solarreflective roof on the heating-and cooling-energy uses of a residential-building prototype used in previous 90.2 analyses and described by Akbari et al. (2000) . Parameters varied in the prototype buildings included presence or absence of an attic; duct location (attic or conditioned space) 1 ; thermal resistance of duct insulation (2, 4, or 6 ft 2 h °F BTU -1 ); roof solar reflectance (0.10, 0.25, 0.50, or 0.75); and thermal resistance of ceiling insulation (1, 11, 19, 30 or 49 ft 2 h °F BTU -1 ).
Buildings were cooled electrically, and heated with an electric heat pump, electric resistance, or natural gas. All roofs were assigned a thermal emittance of 0.80.
In each climate, simulated values of annual cooling-energy use (kWh), annual heating-energy use (therms), and annual conditioning energy expenditure (dollars at $0.08/kWh and $0.69/therm) were each regressed to the solar absorptance α of the roof's surface, and to the thermal transmittance U of the roof assembly.
Each climate-specific energy use or energy cost E was well-fit by an expression of the form
This result was used to find combinations of roof solar absorptance and roof-assembly thermal transmittance that yield equal annual energy cost. It was also used to determine the multiplier by which the thermal transmittance of a roof assembly can be increased without raising annual energy use when the solar reflectance of the roof's surface is increased to 0.55 (cool white steepsloped roof) from 0.10 (conventional dark steep-sloped roof). Table 5 shows this multiplier for various prototype configurations in the 29 U.S. cities simulated. Multipliers exceeded unity in all but four cities, and were at least 0.94 in all cities. That is, all but four cities exhibited positive savings, and the penalties in cold climates were small. 
Cool-roof credits
where U ceiling adj is the adjusted ceiling thermal transmittance for use in demonstrating compliance; U ceiling proposed is the thermal transmittance of the proposed ceiling, as designed; and Multiplier is the ceiling thermal transmittance multiplier from resistance) of a proposed roofing assembly with a cool surface. Hence, we believe the multipler values to be in error. It is possible that each value in Table 6 should be replaced by its reciprocal to yield multipliers that do not exceed unity.
Revisions
The current version of this standard, ASHRAE Standard 90. 2-2007 2- (ASHRAE 2007 , retains the same cool-roof credits for performance compliance. However, the cool-roof credits for prescriptive compliance have been modified. Rather than specify ceiling thermal transmittance multipliers, the new standard prescribes reduced thermal resistances for ceilings under cool roofs in climate zones 1 -3 (Table 7) .
California Title 24 standards
In 2001 
Prescriptive requirements for low-sloped roofs on nonresidential buildings (2005)
In 2002, the Berkeley Lab Heat Island Group began to investigate the prescriptive requirement in Title 24 of cool roofs for nonresidential buildings with low-sloped roofs. The analysis approach was similar to that used to develop ASHRAE Standards 90.1 and 90.2. Steps included reviewing the physics of cool roofs; reviewing measurements of cool-roof energy savings reported in the literature; investigating the market availability of cool roofs; surveying cost premiums (if any) for cool roofs; reviewing roofing-material durability; investigating the environmental consequences of cool roofs; and performing hourly simulations of building energy use to estimate the energy and peak-demand savings potentials of cool roofs (Levinson et al. 2005) .
A review of low-sloped roofing technologies indicated that cool options (solar-reflective products or coatings) were available for nearly all type of low-sloped roofs, including the three dominant products: built-up roofing, modified bitumen, and single-ply membrane. A cool roof was defined as a roof with (a) an initial thermal emittance not less than 0.75 and an initial solar reflectance not less than 0. expression is the solar-reflectance premium required to ensure that under ASTM E1980 medium wind speed conditions, the aged (weathered) temperature of a roof with low thermal emittance will not exceed that of an aged (weathered) cool roof with high thermal emittance.
DOE-2.1E building-energy simulations performed in California's 16 climate zones (Figure 2 ) indicate that the use of a cool roof on a prototypical California Title 24 nonresidential building with a low-sloped roof yields average annual cooling-energy savings of 3.2 kWh/m 2 , average annual natural-gas deficits of 5.6 MJ/m 2 , average source-energy savings of 30 MJ/m 2 , and average peak-power demand savings of 2.1 W/m 2 . Total savings-initial cost savings from downsizing cooling equipment plus the 15-year net present value (NPV) of energy savings with time dependent valuation (TDV)-ranged from 1.90 to 8.30 $/m 2 ( Figure 3 ).
The typical cost premium for a cool low-sloped roof is 0.00 to 2.2 $/m 2 . Cool roofs with premiums up to 2.2 $/m 2 are expected to be cost effective in climate zones 2 through 16; those with premiums not exceeding 1.9 $/m 2 are expected to be also cost effective in climate zone 1. Therefore, the 2005 Title 24 Standards adopted a cool-roof prescriptive requirement in all California climate zones for nonresidential buildings with low-sloped roofs. Nonresidential buildings with low-sloped roofs that do not meet this new prescriptive requirement may still achieve performance compliance. Steep-sloped roofs on nonresidential buildings. Berkeley Lab developed a nonresidential prototype building that prescriptively complies with the 2005 Title 24 Standards. The energy use of this building was simulated with conventional and cool versions of three different steepsloped (5:12) roofing products: fiberglass asphalt shingle, concrete tile, and polymer-coated metal. Each conventional product had a solar reflectance of 0.10. The cool shingle had a solar reflectance of 0.25, while the cool-tile and cool-metal products each had a solar reflectance of 0.40. All products were assigned a thermal emittance of 0.90.
Total savings-initial cost savings from downsizing cooling equipment, plus the 30-year NPV of TDV energy savings-ranged from 2.8 to 24.4 $/m 2 across California's 16 climate zones ( Table  9 ). The typical cost premium for a cool steep-sloped roofing product is 0.0 to 2.2 $/m 2 . Cool roofs with premiums up to 2.2 $/m 2 are expected to be cost effective in all 16 climate zones. At the time of writing this manuscript, California is considering including in its 2008 Title 24 Standards a prescriptive cool-roof requirement in all climate zones for nonresidential buildings with steep-sloped roofs.
9/29
Low-sloped roofs on residential buildings. Berkeley Lab developed a residential prototype building that prescriptively complies with the 2005 Title 24 Standards. The energy use of this building was simulated with conventional (ρ=0.10) and cool (ρ=0.55) versions of a low-sloped (horizontal) built-up roof.
While the 2005 Title 24 Standards prescriptively require a sub-roof radiant barrier for residential buildings in some climate zones (2, 4, and 8 -15), radiant barriers are not usually installed in houses with low-sloped roofs. (In climates zones where radiant barriers are prescriptively required, a house without a radiant barrier would have to demonstrate performance compliance.) Without a radiant barrier (typical of low-sloped roofs in general and pre-2000 construction in particular), total savings-initial cost savings from downsizing cooling equipment, plus the 30-year NPV of TDV energy savings-ranged from -2.4 to 8.2 $/m 2 across California's 16 climate zones (Table 10 ). With a radiant barrier, the NPV TDV savings ranged from -2.5 to 4.7 $/m 2 . The negative savings occurred in coastal California climate zones with minimal summertime cooling requirements. The presence of a sub-roof radiant barrier reduces cool-roof energy savings, just as the presence of a cool roof reduces radiant-barrier energy savings. (Table 11) . With a radiant barrier, the NPV TDV savings ranged from -1.3 to 12.1 $/m 2 . Cool shingles incurred smaller saving (and penalties) than did cool tiles and cool metal products because the solar reflectance of the cool shingle exceeded that of the conventional shingle by 0.15, rather than by 0.30. The negative savings occur in coastal California climate zones with minimal summertime cooling requirements. The presence of a sub-roof radiant barrier reduces cool-roof energy savings, just as the presence of a cool roof reduces radiant-barrier energy savings.
The typical cost premium for a cool roof is 0.0 to 2.2 $/m 2 . Cool roofs with premiums up to 2.2 $/m 2 are expected to be cost effective in some climates zones. At the time of writing this manuscript, California is considering including in its 2008 Title 24 Standards a prescriptive coolroof requirement in hot Central-Valley climates for residential buildings with steep-sloped roofs.
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Cool-roof provisions in other standards and programs
Many U.S. states have adopted building energy-efficiency codes from ASHRAE Standard 90.1 or the International Energy Conservation Code (IECC). Other U.S. cities, states and territories have developed custom provisions for cool roofs in their energy codes. Aside from California, these include Atlanta, GA; Chicago, IL; Florida; Georgia; Guam; and Hawaii. Cool-roof requirements have also been developed by several voluntary energy-efficiency programs, including the U.S. Environmental Protection Agency (EPA) Energy Star™ label, the Leadership in Energy and Environmental Design (LEED) Green Building Rating System, and the cool-roof rebate programs offered by the state of California and its utilities.
An earlier report by Eley Associates (2003a) 
Chicago, IL
To mitigate urban heat islands, the city of Chicago, IL added a provision to §18-13-303 of its 2001 Energy Conservation Code requiring that low-sloped roofs (those with a ratio of rise to run not greater than 2:12) exhibit an initial solar reflectance not less than 0.65, and a solar reflectance of at least 0.50 three years after installation. Medium-sloped roofs (those with a ratio of rise to run greater than 2:12 and less than or equal to 5:12) were required to have initial and three-year solar reflectances of at least 0.15. Both low-and medium-sloped roofs were required to have a minimum thermal emittance of 0.90. Roofs or portions of roofs that use photovoltaic, solarthermal, or roof-garden systems were exempt from these requirements (Chicago 2001). Chicago's cool-roof standard has been weakened by the elimination of its thermal emittance requirement and the establishment of a very low minimum solar reflectance requirement for medium-sloped roofs. The effects of weakened standards on roof surface temperature are quantified below in the discussion of the Energy Star™ program.
Florida
The state of Florida first offered cool-roof credits for residential buildings in the 2001 edition of the Florida Building Code. The code's whole-building performance method for compliance (Form 600A) multiplies the area of each envelope component by a "summer point multiplier" and a "winter point multiplier" to estimate its contributions to the summer cooling load and winter heating load. A cool-roof credit introduced in 2001 allowed a proposed home with a white roof (solar reflectance ≥ 0.65, thermal emittance ≥ 0.80) to multiply its summer point multiplier by a credit factor of 0.55 and its ceiling winter point multiplier by a credit factor of 1.044 (FBC 2001, §607.1.A.5 and §607.2.A.3.6). This reduces the estimated summer ceiling heat load of a white-roofed proposed home by 45% and increases its estimated winter ceiling heat load by 4.4%. The current (2004) The 2007 code will use EnergyGauge® USA FlaRes2007 (EnergyGauge 2007), rather than point multipliers, to estimate the annual energy use of residential buildings (FBC 2007) . EnergyGauge® USA FlaRes2007 is a building energy model based on DOE-2.1E that incorporates an improved attic model (Parker 2005 ). The 2007 code will require that the annual energy budget of a proposed ("as-built") home not exceed that of a reference ("baseline") home whose roof has a solar reflectance of 0.25 and a thermal emittance of 0.90. Radiative properties that make the proposed roof cooler than the reference roof (e.g., a solar reflectance above 0.25) will permit the consumption of more energy elsewhere in the building. Conversely, radiative properties that make the proposed roof warmer than the reference roof (e.g., solar reflectance below 0.25, or thermal emittance less than 0.90) will require increased energy efficiency in other parts of the home. The solar reflectance of 0.25 to be assigned to the roof of the reference home in the 2007 code is greater than the reference-roof solar reflectance of 0.15 used to generate the cool-roof credit factors present in the 2004 code (Parker 2007) .
If the initial solar reflectance of the proposed home's roofing product has not been measured by its manufacturer, it will be set to 0.04. If the initial thermal emittance is unmeasured, it will be assigned a value of 0.90 (FBC 2007) . We note that the latter provision can significantly overestimate the true thermal emittance of a bare-metal roofing product, which is typically less than 0.20. We address the influence of low thermal emittance on roof surface temperature in our discussion of the Energy Star™ program. 
Guam
Guam's code for nonresidential and high-rise residential buildings (adopted in 1995) and its code for low-rise residential buildings (adopted in 2000) establish identical prescriptive requirements for roofs on air-conditioned buildings (Eley 2007a ). For these buildings, "mass" roof assemblies-i.e., roofs (i) made of concrete four inches or greater in thickness; (ii) having heat capacity per unit area greater than 7.0 BTU ft -2 °F -1 ; and/or (iii) weighing more than 35 lb ft -2 -must have (a) a cool ("high albedo") surface of solar reflectance not less than 0.70 and thermal emittance not less than 0.75; (b) R-11 insulation in the interior furring space; (c) two inches of continuous insulation; and/or (d) thermal transmittance not exceeding 0.12 Btu h -1 ft -2 °F -1 . Airconditioned buildings with other types of roofs are required to have more insulation and/or a lower thermal transmittance than mass roofs, but can not apply a cool roof surface toward prescriptive compliance.
Air-conditioned buildings that meet the code's mandatory requirements but not its prescriptive requirements can achieve performance compliance via either ASHRAE Standard 90.1-1989 or via a building-envelope trade-off option. The latter requires that the "energy performance factor" (EPF) of a proposed building not exceed that of a reference ("budget") building. The EPF of a building includes the EPF of its roof, which for mass roofs and roofs on metal buildings (buildings with metal sheathing and metal framing) is defined as the product of the roof's area, thermal transmittance, and solar absorptance. In EPF calculations, the solar absorptance of a proposed or reference roof is set to 0.30 if the roof is cool (solar reflectance ≥ 0.70, thermal emittance ≥ 0.75), or 0.70 otherwise. The roof of the reference building may or may not be cool, depending on whether the roof assembly chosen for the reference building uses a cool surface to comply with the code (Eley 2007b) .
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Voluntary energy-efficiency programs
U.S. EPA Energy Star™ label
To qualify for its Energy Star™ label, the U.S. EPA currently requires that low-sloped roofing products (those applied to roofs with a ratio of rise to run not exceeding 2:12) have initial and three-year-aged solar reflectances not less than 0.65 and 0.50, respectively. Steep-sloped roofing products (those applied to roofs with a ratio of rise to run greater than 2:12) must have initial and three-year-aged solar reflectances not less than 0.25 and 0.15, respectively (EPA 2007).
We note that the Energy Star™ cool-roof requirements have two weaknesses. First, by specifying neither a minimum thermal emittance nor a minimum solar reflectance index, they permit the use of bare-metal roofs with high solar reflectance but low thermal emittance. Under ASTM E1980 medium wind-speed conditions, the surface of an aged bare-metal roof with a solar reflectance of 0.50 and a thermal emittance of 0.15 would be about 12 K (22 ºF) hotter than that of an aged white roof with a solar reflectance of 0.50 and thermal emittance of 0.80. Second, the minimum three-year-aged solar reflectance required for a steep-sloped roof (0.15) excludes only the hottest of roofing materials, such as granule-surfaced fiberglass asphalt shingles colored with conventional dark pigments. Many cool roofing products for steep-sloped roofs attain an aged solar reflectance of at least 0.30. Under the aforementioned conditions, the surface of a roof with a solar reflectance of 0.15 and a thermal emittance of 0.80 will be 10 K (18 ºF) hotter than that of a roof with a solar reflectance of 0.30 and a thermal emittance of 0.80.
LEED Green Building Rating System
The Leadership in Energy and Environmental Design (LEED) Green Building Rating System assigns one rating point for the use of a cool roof in its Sustainable Sites Credit 7.2 (Heat Island Effect, Roof). LEED Version 2.0 (2001) requires a cool roof to either (a) cover at least 75% of its surface with materials that have initial and three-year-aged solar reflectances of at least 0.65 and 0.50, respectively, and a thermal emittance of at least 0.90; or (b) cover no less than 50% of its surface with vegetation (GBC 2001). LEED Version 2.1 (2002) requires a cool roof to either (a) cover at least 75% of its surface with Energy-Star™ compliant products that also have a thermal emittance of at least 0.90; (b) cover no less than 50% of its surface covered by vegetation; or (c) cover at least 75% of its surface with a combination of these two materials (GBC 2002) . Compared to version 2.0, version 2.1 reduces the minimum initial solar reflectance required for steep-sloped roofs (ratio of rise to run greater than 2:12) to 0.25 from 0.65, and the minimum aged solar reflectance to 0.15 from 0.50.
We note that the minimum thermal emittance requirement of 0.90 in versions 2.0 and 2.1 is unnecessarily high, as most high-emittance materials have thermal emittances in the range of 0.80 to 0.95. The LEED requirement of 0.90 tends to exclude many cool materials, such as white roofs, whose thermal emittances may lie slightly below 0.90. This issue is compounded by the high uncertainty (up to ±0.05) in measuring the thermal emittance of thermally massive materials. The less-stringent minimum thermal-emittance requirement of 0.75 used in the ASHRAE and Title 24 definitions of a cool roof is designed to include all high-emittance materials, most of which are expected (though not required) to exhibit thermal emittances of at least 0.80.
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LEED Version 2.2 (2005) uses SRI, rather than solar reflectance, thermal emittance, or EnergyStar™ compliance, to qualify a non-vegetated cool roof (GBC 2005) . LEED Version 2.2 requires a cool roof to either (a) cover at least 75% of its surface with products that have a minimum SRI of 78 (low-sloped roofs) or 29 (steep-sloped roofs); (b) have at least 50% of its surface covered by vegetation; or (c) use a combination of vegetation and high-SRI materials that satisfy a particular formula (GBC 2005) .
We note that the SRI requirements in the current version of LEED (v2.2) are about those achieved by a low-sloped roof with a solar reflectance of 0.65 and a thermal emittance of 0.90, and by a steep-sloped roof with a solar reflectance of 0.28 and a thermal emittance of 0.90. (Since the SRI of this cool low-sloped surface is actually 78.9, we recommend that its required SRI be increased to 79 from 78.) We welcome both the simplicity of the SRI requirement and the ability to use truly cool materials whose thermal emittances are less than 0.90. Table 8 . Note that all qualifying products must have a thermal emittance of at least 0.75.
California cool-roof rebate programs
The low-sloped roof requirements of the PG&E/SCE program are designed to promote the use of white roofs. The two levels of rebates for steep-sloped roofs (Tier 1: 0.10 $/ft 2 for solar reflectance between 0.25 and 0.39; Tier 2: 0.20 $/ft 2 for solar reflectance not less than 0.40) are designed to encourage the use of existing cool colored products (most of which lie in Tier 1) and to spur the development and sale of improved cool colored products (Tier 2).
Conclusions
Since the late 1990s, the quantification of energy savings offered by the use of cool roofs has led both ASHRAE and the state of California to add cool-roof credits and/or requirements to their energy-efficiency standards for both residential and nonresidential buildings. Many U.S. states have adopted cool-roof credits from ASHRAE Standard 90.1 (1999 or later), IECC 2003 , or IECC 2006 . Several U.S. cities and states other than California have developed and added custom cool-roof provisions to their energy standards. Voluntary energy-efficiency programs, such as the U.S. EPA Energy Star™ label, the LEED Green Building Rating System, and rebate programs offered by California and its utilities, have established qualifications for cool roofs.
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While cool-roof requirements have occasionally been too strict-e.g., excluding many cool materials by setting a minimum thermal emittance of 0.90, rather than one of 0.75-they are more often too lax. Particularly problematic are those definitions that (a) allow the use of hot bare-metal products on low-sloped roofs by specifying neither a minimum thermal emittance nor a minimum SRI; and/or (b) allow the use of all but the hottest materials on steep-sloped roofs by qualifying products with an aged solar reflectance as low as 0.15. We have also found ambiguities and outright errors in several cool-roof standards. These issues suggest that more care need be taken to ensure that cool-roof standards are both accurate and effective.
The standards described herein were developed primarily by workers at several U.S. research laboratories. We expect that cool-roof standards will be further refined to incorporate improvements in building-energy analysis and cool-roof technology. However, the methods used to develop the ASHRAE and Title 24 cool-roof provisions can be used as models to address cool roofs in building-energy standards worldwide. Table 1 . Cool-roof energy savings measured in six California nonresidential buildings (a-c: d-f: Hildebrandt et al. 1998) 3.3 2.4 1.6 n/a n/a n/a
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